Sonochemical Reformatsky reaction of aldehydes or ketones with ethyl bromoacetate in the presence of indium afforded β-hydroxyesters in good to excellent yields under mild conditions. 2-or 3-Hydroxybenzaldehyde that contains an acidic hydrogen reacted with ethyl bromoacetate to provide the desired compounds with the same efficiency. In the case of ethyl 2-bromopropanoate and ethyl 2-bromo-2-methylpropanoate, the desired products were obtained in good yields. Reaction of aldehyde with indium reagent in the presence of ketone group proceeded chemoselectively.
Introduction
The Reformatsky reaction, which is regarded as one of the most fundamental reactions in C-C bond formations, is the reaction of a carbonyl compound with an α-haloester in the presence of zinc metal to furnish β-hydroxyesters.
1 The products are one of the most important intermediates in organic synthesis.
2 Recently, several modified Reformatsky reactions using other metals have been reported. 3 Also, the scope of the Reformatsky reaction has been extended with special techniques for the activation of the metal (e.g. for removal of the oxide layer, and the preparation of finely dispersed metal). 4 The activation of zinc by treatment with iodine or dibromomethane, or washing with dilute hydrochloric acid prior to use, is only moderately successful in the most known procedures. Much more effective protocol is the use of special alloys -e.g. Zn-Cu couple, or the reduction of zinc halides using potassium (the so-called Rieke procedure 5 ) or potassium graphite. 4 Although the application of ultrasound has been reported for zinc metal, promoters such as iodine and potassium iodide were needed sometimes to obtain the desired products in good yields. 6 Our interests in extending the scope of the Reformatsky reaction and subsequent application of indium metal to modern organic synthesis 7 have led us to investigate indium mediated Reformatsky reaction. As part of our continuing effort to expand the synthetic utility of indium, we now report a sonochemical Reformatsky reaction by the reaction of aldehydes or ketones with ethyl bromoacetate in the presence of indium (Scheme 1).
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Results and Discussion
To find optimum conditions for sonochemical Reformatsky reaction using indium, initially benzaldehyde reacted with ethyl bromoacetate in the presence of indium in various solvents. The results are summarized in Table 1 . Among the several solvents tested, THF gave the best results in terms of conversion and reaction time. The reaction of benzaldehyde with ethyl bromoacetate in the presence of indium in THF afforded ethyl 3-hydroxy-3-phenylpropanoate in 97% yield (entry 5). Sonication was carried out at room temperature in a Fisher Scientific ultrasonic cleaner bath, which delivered a 43 kHz wave, with a fixed electrical power of 435 Watts. However, the yields were decreased in other solvents under the identical conditions despite longer reaction time. Sonochemical reaction condition was superior to stirring condition. In the absence of sonic waves, the reaction occurred much more slowly (17 h) and the yield of the β-hydroxyester † This paper is dedicated to the deceased Professor Sang Chul Shim for his outstanding achievements in organic chemistry. was only 70% (entry 4). Rate per minute (rpm) for stirring conditions was ca. 900. Ethyl iodoacetate gave the similar result to ethyl bromoacetate (entry 6). Also, organoindium reagent generated in situ from the reaction of 1 equiv of indium with 1.5 equiv of ethyl bromoacetate gave the best result. The use of indium less than 1 equiv and ethyl bromoacetate less than 1.5 equiv resulted in sluggish reaction and gave lower yields as well as longer reaction time. Table 2 summarized the experimental results and illustrates the efficiency and scope of the present method. In the case of aliphatic aldehydes, the reaction afforded the desired compounds in excellent yields (entries 1~5). For the aromatic aldehydes, the presence of various substituents, e.g., methyl (entry 7), chloro (entry 8), bromo (entry 9), monomethoxy (entry 10), dimethoxy (entry 11), or nitro (entry 12) on the aromatic ring showed little effects on the efficiency of the reactions. It should be mentioned that 2-or Scheme 2 3-hydroxybenzaldehyde that contains an acidic hydrogen reacted with ethyl bromoacetate to provide the desired compounds 13 and 14 in 93% and 92% yields, respectively, (entries 13 and 14). In the case of 2-furaldehyde and 2-thiophenecarboxaldehyde, β-hydroxyesters were obtained in good yields (entries 15 and 16). Cinnamaldehyde was treated with ethyl bromoacetate to produce the desired compound in 93% yield (entry 17). The protocol developed here was also applied to reactions with ketone. For example, acetone and cyclohexanone reacted with ethyl bromoacetate to produce the desired compounds in 73% and 82% yields, respectively (entries 18 and 19). For the aromatic ketones, the treatment of acetophenone (entry 20) and p-methoxyacetophenone (entry 21) with ethyl bromoacetate gave the β-hydroxyesters 20 and 21 in 90% and 88% yields, respectively. However, indium-promoted reaction of acetophenone with ethyl bromoacetate gave β-hydroxyester 20 in 40% yield without sonic wave. The sonicated mixture of zinc, ethyl bromoacetate, and acetophenone gave no addition product in the absence of iodine.
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In the case of alkyl substituted ethyl bromoacetate, the desired products were obtained in good to excellent yields (Scheme 2). Benzaldehyde reacted with ethyl 2-bromopropanoate and ethyl 2-bromo-2-methylpropanoate in the presence of indium to give β-hydroxyesters 22 and 23 in 76% (dr = 2.5 : 1) and 82% yields, respectively.
To investigate chemoselectivity of aldehyde and ketone group, the mixture of benzaldehyde and acetophenone was treated with ethyl bromoacetate and indium to produce selectively ethyl 3-hydroxy-3-phenylpropanoate (6) as major compound. The results are summarized in Table 3 .
In summary, sonochemical Reformatsky reaction using indium afforded β-hydroxyesters in high yields. There are several advantages of the method such as (a) the organoindium compound was prepared and used in situ; (b) it has a wide application for elongation of carbon chains; (c) in comparison to the use of zinc and tin, the reaction with indium was not required any promoter (iodine or potassium iodide); (d) the organoindium intermediates did not react with themselves in normal conditions; (e) It should be mentioned that 2-or 3-hydroxybenzaldehyde that contains an acidic hydrogen reacted with ethyl bromoacetate to provide the desired compounds with the same efficiency; and (f) reaction of aldehyde with indium reagent in the presence of ketone group proceeded chemoselectively. The present method complements the existing synthetic methods of β-hydroxyester because of mild reaction condition and advantages of indium metal with regard to easy handling, high reactivity and selectivity, low toxicity, and operational simplicity.
Experimental Section
The 1 H NMR and 13 C NMR spectra were recorded on Brucker IFS 48 (400 MHz) spectrometer. Proton chemical shifts (δ) were reported in ppm downfield from tetramethylsilane (TMS), and 13 C resonances were recorded using the 77.0 ppm CDCl 3 resonance peak of the solvent as internal reference. Fourier transform infrared (FTIR) spectra were recorded on a JASCO IR 100 spectrophotometer. Mass spectra were obtained on a Autospec, M363 series. Column chromatography was performed on silica gel (Merck, 230-400 mesh). The gas chromatograms were obtained on HP 5890.
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